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An empirical equation is develdg!

ficients due to ice formations on an NA

tended to include available data for other ai Is up to 15-percent
thickness ratio. The correlation wes obtained primarily by use of ice
heights and i1ce angles measured on the 4-percent thick airfoil. The
final equation, however, does not include the ice measurements, but re-
lates changes i1n drag coefficients due to ice with the following vari-
ables: Icing time, alrspeed, air temperature, liquid-water content,
cloud droplet-impingement efficiencies, airfoil chord, angles of attack,
and leading-edge radius-of-curvature,

Changes i1n lift and pitching-moment coefficients due to ice on an
NACA (011 arrfoil are also related to the corresponding changes in*drag
coefficients; additional data on lift and pitching-moment changes due
ta 1ce are limited to the 654004 airfoil, for which complex trends pre-
clude a relationship within the scope of this paper.
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Introduction

In recent years much information about airfoil icing characteris-
tics and their resultant aerodynamic penalties has been acquired by the
NACA  This inf‘ormation has been obtained for the five airfoils shown
to scale In figure 1. These airfoils have thickness ratios of 4 percent
@ef. 1), s percent (ref. 2), 11 percent (ref. 3), 12 percent (ref, 4),
and 15 percent (uvnpublished data). In addition, a much larger wealth
of 1information conceming the cloud-droplet impingement characteristics
for a variety of airfoils and body shapes has been published. Un-
fortunately, despite these data, very little direct correlation has here-
tofore been shown between the aerodynamic penalties due to ice formations,
the shape and location of ice formations, and the impingement conditions
that produce the ice. Impingement calculations do not quantitatively
foretell the size or shape of i1ce that will form under given conditions,
nor are the published aerodynamic penalties related to the actual ice
size and shape except in a gross way. Furthermore, it IS very difficult
1o estimate aserodynamic penalties iIn icing conditions different from
those speciftically investigated for a particular airfoil.

A review of the aerodynamic data from these previous icing studies
showed that, to understand the effects of ice on airfoil characteristics,
it would be necessary to study the exact ice shapes and sizes and to
relate the aerodynamic effect of the ice to the known effects produced
by surface roughness, flow-spoilers, leading-edge flaps, etc, which
ice simulates. Such a study has been accomplished with Icing data for

the NACA 854004 airfoil section shown in figure 1 (ref. 5). In this
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study a variety of ice shapes were accurately measured and related to
the generating impingement and icing conditions. The changes in air-
foil drag coefficients due to ice were then correlated with the ice
shapes and, finally, with impingement and flight conditions. The ob-
ject of the present paper is to describe this analysis of icing data
for the 4-percent thick airfoil and to extend it to include all the air-
foil sections for which aerodynamic data in NACA icing tunnel conditions
are available.

This investigation was conducted in the NACA Lewis 6- by 9-foot
icing tunnel over the following range of variables:
Airfoll thickness ratio, percent ¢ « « v o o s¢ ¢ =« s s« » s 41015
Airfoil angle of attack, deg « =« o = = s ¢ ¢ 2 s s o = = = s s 0t0 12
Air velocity, nth =« ¢ ¢ & & s se o 2 s+ o ss « » s« «.Up to 280
Air totpl temperature, °F & 4 2 s o v s e 2 se 2 s w . s 0t0 30
Liquid-water content, g/cum « « « = s s s« s« =« s = s « « 025 t0 2.0
Volume median droplet diameter, microns- « « « « «a = 2o « « 71019
Ieing time, min o w o o s o o o o o ¢ o o s s o« s s s u o Up to 27
Pressure altitude, ft « a ¢ ¢« o« 2 ¢ 2o ne o n s s o o 5o & <3500
Owing to the tunnel spray-system design, increases in cloud liquid-

water content were accompanied by increases in the droplet size.

Analysis of Ice Shape
The correlation of the aerodynamic effects of ice with it5 size
and shape required accurate measurement of these factors. This measure-

ment was made according to the following techniques.



A typical photograph of the cross section of an ice formation at
6° angle of attack is shown in figure 2. After &n icing run, the ice
on the airfoil was removed by a steam-heated ice scraper except for a
narrowband in a chordwise plane normal to the surface. The camera was
positioned near the airfoil leading edge and directed spanwise nearly
parallel to the leading edge. A black 1/4-inch-mesh wire grid wes
placed against the ice to provide a scale of measurement, and a white
wire of the screen was alined to be an extension of the airfoil chord-
line. By using a point-plotting procedure with the photographs, two-
dimensional cross sections of the various ice formations were made, as
shown in the inset of figure 2.

For purposes of analysis, all the cross sections of ice deposits
on the 4-percent thick airfoil section were reduced to two significant
dimensions, h and 6, as shown in figure 3 Dimension h (in.) is
the height of the edge of the ice first reached in going from the upper
to the lower surface. The angle 6 (deg) is measured between this ice
edge and the extended chordline. The angle is positive if above the
chordline and negative if the ice edge falls below the extended -..
chordline .

Representation of ice formations by only these two dimensions ig-
nores the part of the ice toward and on the lower surface of the air-
foil. Generally, however, protuberances on this region contribute very
little drag to the airfoil, except near 0° angle of attack. In con-
trast, flow spoilers near the leading edge and toward the upper surface

cause large drag increases,
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It was found that the dimensions 6 and h could each be em-
pirically correlated with the icing test conditions. The resulting
correlation for ice angle €, measured primarily on the 4-percent thick
airfoil, is shown in figure 4. 1In-the abscissa of this figure the
angle # 1S modified by a term which accounts far the airfoil geometric
angle of attack at which the ice was formed oy (deg). The ordinate of
figure 4 i s a parameter accounting for liquid-water content w (g/cu m),
air total temperature t, (°F), and airfoil total droplet-impingement
efficiency Ey. Although considerable scatter of data points exists,
the exponents and coefficients of the variables were each adjusted until
an equal and minimum scattering of data about an average straight line
was obtained.,

A convenient scale far representing the types of ice formations
(from "rime™ to "glaze") is provided by figure 4. The point of demarca-
tion between observed rime and glaze ice deposits lies approximately
at a value of 32 on the abscissa scale of figure 4. Ice formations that
plot to the left of this point are progressively more rime-like and
those to the right are progressively more glaze-like. Thus, use of the
ice angle scale in reporting icing conditions or ice types should be -
more differentiating than use of the general terms rime and glaze,

The ice height h was correlated in a manner similar to that for
the angle 6, and the result is shown in figure 5. The ice height h
was faund to vary approximately linearly with icing time <« (min) and
air velocity Vg (mph). The term B, in the icing parameter of figure
5 is the maximum local droplet-impingement efficiency for the airfoil,

and usually occurs very near the leading edge.

i
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Although the correlations developed for & and h in figures 4
and 5 were based on data for a 6-foot chord, NACA 65A004 airfoil, the
relations agree remarkably well with limited unpublished icing data
obtained on cylinders and struts of less than 1-inch chord size (square
symbols). Therefore, the correlations given for ice height and angle
should be valid for a considerable rangecof airfoil shapes and sizes.
Thus, with h and & predictable, and provided airfoil impingement
data are available for determining surface limits of impingement (for
example, see ref. 6), the aerodynamically significant features of an

ice formation can nmow be composed by calculations

Correlation Between Ice Shape and Drag

Changes in drag coefficients due to ice formations on the 4-percent
thick airfoil section were analyzed on the basis of the ice acting as a
leading-edge flap or spoiler. A correlation ws obtained utilizing the
relations developedin figures 4 and 5 for 8 and h, respectively.
This correlation is shown in figure 6. The abscissa of figure 6 is the
ice angle 8, as determined from the egpation of the line given in fig-
ure 4 The ordinate of figure 6 is the change in drag caefficient
caused by various ice formations corrected t0 a common height equal to
d percent of chord Acdc/looh; where e is the airfoil chord (in,),
and ACg is the change in the drag coefficient from the clean airfoil
value due to the addition of ice. As shown in the ordinate of figure
6, the dimension h is determined from the equation of the line given

in figure 5; as a result, figure 6 now expresses the drag changes due
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to ice In terms that are either known or calculable in a design or
flight performance study.

Far clarity, the data points are not shown in figure 6, but in-
stead, the mean curves that déseribe the trends. Included in the data
are several cases in which ice was fomed at an angle of attack oy
and the airfoil was then changed to an angle «, for which Cyq was
measured and ACy obtained from the clean airfoil drag coefficient at
angle a These data alined themselves very well with the balance of
the data taken at fixed angles of attack, corroborating the usefulness
of & in correlating AC4.

Strikingly evident in figure 6 are the reductions in drag coeffi-
cients with ice on the airfoil at high angles of attack and low ice
angles (rime icing). These dxag reductions below the clean airfoil
values are possible because of the high drag coefficients associated with
flow separation from thin airfoils with sharp leading edges. The addi-
tion of rime ice at the higher angles of attack may at times add blunt-
ness to the airfoil and form a drooped leading edge that assists the
flow aver the airfoil nose, and as a result reduces the amount of flow
separation from the upper surface. Under glaze icing conditions, how-
ever, the ice acts as a flow spoiler and always increases the airfoil
drag Coefficients.

Changes in drag coefficients due to ice are shown in figure 6 for
each of the geometric angles of attack investigated, An equation has

been developed in agreement with the 4-percent thick airfoil data of
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figure-6 and which also accounts for variations in the angles of attack
from 0° to 12°. This equation is as follows:

-5 Vo ) ; 4
Afg = [B.TX10 — (32 1+6¢(1Lt2sin” 12qa)

3 = .
2 EIU. - + . - 'V : all _ . 4
sin [543 ETN e g - 81+65.3 (1—35% %ggO;] 1.7 sin? lla.}

(1)
The first bracket of equation (1) accounts for the height-to-chord ratio
of the significant ice formation, and the last bracket accounts for the
ice angle, angle of attack and the case wherein ice is formed at ax).angle
of attack different from that under consideration. The term accounting
for this latter case vanishes when ice is formed at the same geometric

angle of attack as that being considered (a; = a). In the sin? function

3 L=
in the last bracket of equation (A)the expression 543 4w A %—;‘% - 81
¢

is valid between the limits of 0 and 180; beyond these limits a value of

zero should be used for the expression instead of a calculated number.

Prediction of Drag Changes Due to Ice on Various Airfoils
Having determined equation (1)for approgximating the drag coeffi-
cient changes due' to ice on an N,?\CA 65A004 airfoil, it was desirable to
attempt a similar relationship for other airfoils, although ice measure-
ments were available only for the 4-percent thick airfoil, Accordingly,
all the applicable NACA icing drag data from references 2, 3, and 4 were

inserted into equation (1) for trial, interpolating for impingement

B
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parameters from data of reference 6. These icing data are listed in
table I. 1t was found that an airfoil thickness trend appeared; to
account for 1t, a factor r was introduced, which is the airfoil
leading-edge radivs-of -curvatupd in percent of chord. Alsg, in the
absenee of'more knowledge @ to the effect of sweep-back on drag due to
ice formations, the 63A009 airfoil (swept 36°) was regarded for cor-
relation purposes the same as an unswept two-dimensional airfoil except
that impingement, chord length, and radius-of-curvature were taken for
the gtream-wise cross section of the airfoil.

A final equation was derived which represents the available icing
drag data of the referenced airfoils and which is consistent with equa-

tion (L)for the 4-percent thick airfoil:

5T = 0.3 o mofa0ul g
ACy = [8.7&10”' - n""Bm (32 - tg)"" ] 1+ 64 (1 + 2.52#%L gint 12q)

1.35% 1.35 r

4 = |
2 ....,..E.’.‘i...... (1 1 0,17 ... 4.4
sin [545 SN T - oLt ss.s( a)} ~ b 110}

(2)
Measured values of A€, from table I and reference 5 are plotted in fig-
p&-e 7 against the calculated values using equation (2) « The order of
agreement shown in figure 7 appears quite satisfactary, considering the
nature and difficulty of obtaining aerodynamic, impingement, and

meteorological data in icing conditions.
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Estimation of Lift and Pitching-Moment Coefficients

Unfortunately, changes in lift and pitching-moment coefficients due
to ice formations are knowmn only for an NACA 0011 airfoil (ref. 3) and
an NACA 65A004 airfoil (ref. 1)« However, In addition to these data,
it should be possible to estimate changes in lift and moment coeffi-
cients by utilizing relationahips in the published aerodynamic character-
istics of airfoils with and without flaps, spoilers, protuberances, etc.

From the limited data available in icing conditions, it appears
that changes in lift and moment coefficients due to ice formations can
be related to the concurrent changes in drag coefficients for a thick
blunt airfoil such as the 0911 airfail, whereas no systematic relation-
ship is readily apparent for a thin sharp-nosed airfoil such as the
65A004 airfoil. The relationships between changes in lift, moment, and
drag coefficients due to ice on the 0011 airfoil are shown in figure 8
as flunctions of geometric angle of attack, from data of reference 3
Well-established trends are evident in figure 8, wherein increases in
drag coefficients are accompanied by similar increases in moment coeffi-
cients, and by decreases in lift coefficients of generally larger magni-
tude. Theae trends are similar to the trends with the 654004 airfoil,
but anly up to about 3° angle of attack. At higher angles of attack,
changes in 1ift andmoment coefficients due to ice on the 4-percent
thick airfoil were erratic with respect to changes in drag coefficients,
due primarily to the flow separation from the upper surface starting at

about 4% angle of attack (refs 1).



o 1l =

Example of Use of Correlation
To illustrate how the preceding correlations mey be used to assess
the magnitudes of aerody&:hm_ic penalties for various airfoils in icing
conditions, the following hypothetical icing encounters will be evaluated:

Icing encounter

A B

Airfoil L] L] . L] L L o L] L] L] L] L L] Ll L] L] L] L] L] L] L] L] . 658004 651“212

Chord, ins « u = s« = s = = s = = s = = s s s s s n u ne 96 240
Angle of attack®, deg « = s s s s % s ® s ® s * o+ ®o#owow 2 2
Ailrspeed; mPh + + w » = = s » s s = » s » » » = « » » « D500 300
Pressure altitude, £t « o« « « =« =« =« = =« = = =« =« » « « 8000 8000
Air total temperature, °F « & & s s s s s 5 s s s s 5 s 225 10
Liquid-water content, g/cum s« s« » s« s s s » s s s s s 05 05
Volume~-median droplet diameter, microns « .« « « « « » &« »15 15
Duration inicing, min  « « = =« s« s =« s s = s s s = s » s 4 3

Clean airfoil drag coefficient v w v 4 4w s & =« = 0.0087 0,0088

8Corresponding t0 tunnel geometric angle of attack (uncorrected).
From reference 6 the following impingement parameters may be determined:
Encounter

A B

KO: . - . - 'y LEEEE BN .‘, L] - . [ R 1 L ] - . oo - . ® . . - 000179 0000515
Bm * L d L I 1 - * * -8 & . » L] . . . e L] . [ IR . L ] e - 9 . [ 3 . 0.67 0.35
—E.m - . L] s .8 @ -3 £ d e e ] * - o a8 & e o * L 2 . L I R * 0-18 0-033
Substitution of the above values In equation (2) yields the following

changes in drag coefficients due to the accumulated ice: ieing
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encounter A, 0.0051, or a 76 percent increase over the clean airfoil
drag; icing encounter B, 0.0008, or a 9 percent incresse in drag.

If the airfoil angle of attack is increased in a maneuver in clear
air up to 8% with the ice formations that accumulated during the pre-
ceding encounters at 2° angle of attack remaining where they were
formed, the following results are obtained by use of equation (2):

Icing encounter

A €

Angle of attack at which ice was fomed, deg « « w0 ¢« = a2 2
Angle of attack during clear air maneuver, deg « =+ =+ 8 8
change in drag coefficient due toice .. « «. « &« 0.0127 0.0041
Clean airfoil drag coefficient (at8°) «+ o a+ o  «0.119 0.0127
Change from clean airfoil drag coefficient,
percent INCreasSe « o v ws o s s ¢ o u ne o = no » 10,7 32.3
The 651-212 airfoil of encounter B is similar in shape to an NACA
0011 airfoil, so that the relations in figure 8 may be used to éstimate
the changes in lift and piteching-moment coefficients due to ice asccumu-
lated in icing encounter B. These changes are determined from the cor-

responding changes in drag coefficients previously enumerated, and the

ratio factors shown in figure 8. The following results are obtained:
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Icing encounter B

Angle of attack

=22 8%
Change in Lift coefficient « » mo o « o = 10 o a «-0.9009 -0.023
Change in moment coefficient o« o ¢ 4 2 so o o - O.0A 0.005
Clean airfoil lift coefficient (typical) « ao ¢ « o &« 035 1.02
Clean airfoil moment coefficient (typicel) « «« « s -0.035 -0.04
Change from clean airfoil lift coefficient, percent
decrease « we o s o 2 s = un u ne me = xxue 1o 026 2.3
Change from clean airfoil moment coefficient, percent
increase (less negative) « o « 2 s s ¢ ws o 2 ne ne 1ol 12.5

Changes in lift and pitching-moment coefficients due to ice formations
on the 65A004 airfoil of encounter A are not obtainable from the present
correlation, but must be estimated from data of reference dand related
aerodynamic studies of leading-edge spoilers, flaps, etc.

The foregoing examples are typical of calculations that must be made
for several representative icing encounters to fully assess the flight

penalties due to ice and the need for ice-proteetian eguipment.

Conclusion
It should be noted in conclusion that this correlation is a first-
order approximation of the presently available aerodynamie and icing
data for airfoils exposed to icing conditions in the NACA icing tunnel.
Several factors which were thought to be secondary in importance were

ignored in this analysis. However, the correlation should be useful in



- 14 -

estimating the type and size of 1ce formations that would result from
any specified icing encounter, i estimating the asrodynamic penalties
that would result from an encounter, and in making Flight performance

studies 1n which icing effects must be evaluated.
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Appendix - Symbols

airfoil section drag coefficient

change in section drag coefficient due to addition of ice

change in section lift coefficient due to addition of ice

change in section pitching-moment coefficient (about the quarter-
chord point) due to addition of ice

airfoil chord length, in.

total droplet-impingement efficiency (see refs. 5 and 6)

height of ice (see fig. 8), in,

modified inertia parameter (see refs. 5 and 6)

radius of curvature of airfoil leading edge, percent of chord

free-stream total air temperature, °F

free-stream velocity, mph, or knots X 1.15

liguid-water content of cloud, g/cu m

airfail geometric angle of attack (uncorrected for tunnel walls),
deg

airfoil geometric angle of attack at which ice deposit is formed
(uncorrected for tunnel walls), deg

maximum local droplet-impingement efficiency (see refs. 5 and 6)

icing time; min

ice angle (see fig. 6), deg
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FIGURE 3. REFPRESENTATION OF JCE SHAPE
BY ANGLE € AND HEIGHT A
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FIGURE 8. CHANGE IN LIFT AND PITCHING MOMENT DUE

TO ICE ON OOl AIRFOIL SECTION
( AS RELATED TO CHANGE IN DRAG)
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